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To elucidate ﬂuid-rock interaction in a seismogenic zone along a plate-subduction boundary, we investigated
the occurrence of mineral veins within the major thrusts in the Shimanto accretionary complex and examined
their microstructures using a cathodoluminescence technique. We found discriminative structures, for example,
a jigsaw-puzzle structure, within the quartz veins in the thrusts, which could indicate that hydraulic fracturing
occurred by abnormal pore-ﬂuid pressure during thrusting. Pore pressure values, estimated quantitatively by ﬂuid
inclusion analyses, were 3–27 MPa higher than the surrounding parts, which may be direct evidence of abnormal
pore-ﬂuid pressure. High pore-ﬂuid pressures and subsequent hydraulic fracturing may play an important role
within major thrusts along a plate-subduction boundary.
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1. Introduction
Pore-ﬂuid pressure is important in decreasing in situ ef-
fective stress. In environments with abundant, readily avail-
able ﬂuids, fault zones can be expected to have high pore-
ﬂuid pressure. Many researchers have reported that ﬂuid
pressures can be much greater than hydrostatic pressures
in an accretionary prism, where they can aid thrust fault-
ing (e.g., Moore, 1989). Thus, ﬂuid-rock interactions asso-
ciated with fracture triggering by high pore-ﬂuid pressure
may play an important role in seismogenesis along a plate-
subduction boundary. However, the process is not well un-
derstood owing to the difﬁculty of directly observing the
occurrence of ﬂuid-rock interactions under situ conditions.
Recent studies have shown that the Shimanto accretionary
complex preserves an ancient plate-subduction boundary
fault containing pseudotachylyte as evidence of coseismic
slip (e.g., Ikesawa et al., 2003). An investigation of such an
ancient seismogenic zone might be useful for understanding
ﬂuid-rock interaction in this setting.
Therefore, to elucidate the relationships and reactions be-
tween ﬂuid ﬂow and mineral precipitation in the seismo-
genic zone, we investigated the occurrence of syntectonic
mineral veins in the Shimanto accretionary complex and
examined their microstructure by using a cathodolumines-
cence (CL) technique.
Copyright c© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.
2. Geological Setting
2.1 Me´lange in the Shimanto accretionary complex
The Shimanto accretionary complex on Shikoku Island,
southwestern Japan, is divided into Cretaceous and Tertiary
units (Taira et al., 1980). The Cretaceous unit includes
several Me´langes, such as the Okitsu, Kure, Yokonami, and
Mugi Me´langes (Fig. 1(a)). A speciﬁc thick pile of tectonic
Me´lange is considered a candidate for plate-boundary rock
because it comprises fault-related, chaotic rocks, including
exotic fragments and blocks of basalt and chert, and exhibits
repeated piles formed by thrusts parallel or sub-parallel to
the paleo-plate boundary (e.g., Kimura and Mukai, 1991).
To understand the ﬂuid-rock interactions within a plate-
boundary fault and other major thrust types, such as out-of-
sequence thrust (OST), we investigated the late Cretaceous
Mugi and Kure Me´langes and sampled mineral veins from
within their representative fault zones.
2.2 Mugi Me´lange
The Mugi Me´lange occurs in thrust sheets (Fig. 1(b))
and is composed of a matrix of black scaly shales that
enclose disrupted pillow basalts, pelagic to hemipelagic
red shales, and sandstone lenses (Kumon, 1981). An up-
per roof thrust, the Minami-Awa Fault, bounds a coherent,
sandstone-dominated unit of the Hiwasa Formation. Onishi
and Kimura (1995) reported ﬁve repetitions of oceanic ﬂoor
stratigraphies in the Me´lange, revealing their origin as un-
derthrusts in an accretionary prism.
The Minami-Awa Fault is approximately 1.5 m thick and
is composed predominantly of cataclasite, which originated
from sandstone with shale (Fig. 2(a)). The fault strikes E-
W and dips steeply northward. Composite planar fabrics
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Fig. 1. (a) Location and geological map of the Shimanto accretionary complex, south Shikoku, Japan. (b) Geological map of the Mugi Me´lange,
modiﬁed from Kitamura et al. (2005). (c) Geological map of the Kure Me´lange, modiﬁed from Mukoyoshi et al. (2006). OSTs, out-of-sequence
thrusts.
are well developed within the fault, and the asymmetric
fabrics and striation lineations on the fault surface indicate
that the fault is a reverse fault with a component of sinis-
tral shear (Kitamura et al., 2005). Numerous quartz, lau-
montite, and calcite veins are recognized within the linear
Y-plane, and fragmented sandstone blocks are found along
the P-plane. Some dilatant jog-ﬁlled veins are also recog-
nized in the fault zones. Ikesawa et al. (2005) reported that
the fault experienced a temperature of approximately 170–
190◦C and that it does not exhibit any thermal discontinuity
with the upper Hiwasa Formation. Kitamura et al. (2005)
found pseudotachylyte in the fault, and suggested that the
fault corresponded to a seismogenic roof decollement.
2.3 Kure Me´lange
The Kure Me´lange is interleaved within a coherent
Late Cretaceous sedimentary sequence, the Shimotsui and
Nonokawa Formations (Fig. 1(c)). The Kure Me´lange con-
sists of boudinaged blocks of pillow basalts, cherts, vari-
ously colored shales, and sandstone fragments embedded in
a black shale matrix. An en-echelon fault system cuts across
the Kure Me´lange and Nonokawa Formation, and a paleo-
geothermal discontinuity of 80◦C occurs within the fault
system. Mukoyoshi et al. (2006) inferred that the faults
of the en-echelon fault system correspond to branched sub-
OSTs at depths of 2.5–5.5 km and also reported the occur-
rence of pseudotachylyte within the OSTs.
Figure 2(b) shows one of the sub-OSTs in the Kure
Me´lange. This fault zone is composed of fault breccia, fault
gouge, and cataclasite, is approximately 500 mm thick, and
contains a major slip zone that is 0.5–10 mm thick. The cat-
aclasite is composed of sub-angular to rounded fragments of
the host rocks (sandstone, black shale, and greenish shale)
and fragmented mineral veins (quartz and calcite). The fault
zone has Y-P-R composite planar fabrics that indicate a dip
slip of the fault. Quartz and calcite veins are well devel-
oped within the fragmented sandstone blocks along the P-
plane and within the major slip zone. The veins which ﬁlled
major slip zone are linear and parallel to the shear surface.
Diletant jog-ﬁlled veins are not recognized around the fault
zones.
3. Methods
We collected P-plane-formed, fragmented sandstone
blocks with ﬁlled vein from the Minami-Awa Fault in
the Mugi Me´lange (Fig. 2(a)) and main shear surface
from along the OSTs in the Kure Me´lange (Fig. 2(b)).
To determine their microstructural observation, we used
not only an optical microscope but also a scanning elec-
tron microscopy-cathodoluminescence (SEM-CL) tech-
nique. We also conducted ﬂuid inclusion analyses to in-
vestigate the temperature and pressure conditions during
the precipitation and deformation. These methods are de-
scribed in detail below.
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Fig. 2. (a) Photograph of a portion of the Minami-Awa Fault. (b) Photo-
graph of a portion of an OST in the Kure Me´lange. Each scale bar is 30
cm. White circle indicate sampling point of vein.
3.1 The scanning electron microscopy-cathodo-
luminescence (SEM-CL) technique
Cathodoluminescence (CL) is luminescence from crys-
tals induced by electron bombardment. Because of a lack
of stoichiometry, structural imperfections, or impurities in
a mineral can cause variations in CL wavelength and in-
tensity, CL enables visualization of mineral microstructures
that formed in response to growth zonation, microfractur-
ing, dissolution, deformation, and recrystallization. We
used CL observation aided by SEM to examine the quartz
vein samples.
We prepared 100-μm-thick doubly polished sections for
CL analysis and examined the sections under a transmit-
ted light optical microscope for mineral assemblages in the
veins. We subsequently coated the sections with carbon
for CL analysis and adjusted the voltage and sample cur-
rent for electron stimulation to 20–25 keV and 5–15 nA,
respectively, to obtain optimal contrast in luminosity. To
obtain CL digital images, we used a panchromatic CL de-
tector (Mini-CL, Oxford Instruments) with a slow electron
beam scanning with a Hitachi S2460N SEM.
3.2 Fluid inclusion analysis
We conducted microthermometry on primary ﬂuid in-
clusions in veins by using a Linkam THMS 600 heating-
cooling stage. Water-rich and methane-rich inclusions were
identiﬁed by laser Raman spectroscopy. The coexistence
of water-rich and methane-rich inclusions suggests that the
water was saturated with methane when the vein formed
(Mullis, 1979). We performed a heating experiment on
the water-rich inclusions and a cooling experiment on the
methane-rich inclusions. Methane bubbles appeared below
−83◦C in the samples. No solid carbon dioxide was ob-
served during the experiment, suggesting that the amount
of carbon dioxide was very small (Burruss, 1981) and that
the effect of carbon dioxide on the homogenization temper-
ature of the methane-rich inclusions was negligible. The
melting temperature of the methane-rich inclusions could
not be analyzed owing to their small size. The homoge-
nization temperature of the water-rich inclusions provides
a direct estimation of the trapping temperature because it
coincides with the temperature of methane saturation of the
water when the ﬂuid was trapped. We obtained methane
density from the homogenization temperature in the cooling
experiment. The mean value of the homogenization temper-
ature in the heating experiments was taken as the trapping
temperature, and the cooling experiment result was taken
to indicate the trapping condition. An isochore line was
chosen from the basic data of Saxena and Fei (1987) for
methane-rich ﬂuid with the computer program of Brown
(1989). We then determined the trapping temperature from
the mean value of the homogenization temperatures and
also calculated the ﬂuid pressure from the isochore line in
the pressure-temperature space by combining the trapping
temperature.
4. Microstructures of Mineral Veins
4.1 Jigsaw-puzzle structure within veins
Figure 3(a) shows an optical microscope image of the
anastomosing network of quartz veins in the sandstone
blocks along the P-plane (Fig. 2(a)). The sandstone blocks
are extremely disrupted by the veins. Figure 3(b) shows
an SEM-CL image of a representative portion of a vein.
The grayscale contrast resulted from slight differences in
chemical composition, which might be related to different
stages of precipitation. We recognized the original host rock
and two precipitation stages: host sandstone blocks (SS)
with a fragmented structure, anastomosing portions (CL-
gray quartz), and thin cracks (CL-bright quartz). The ir-
regular SS pattern, identiﬁed as a jigsaw-puzzle structure, is
considered not to have resulted from shearing but to indicate
that the crystals (CL-gray quartz) were apparently ﬂoating
freely as they grew.
4.2 Multiple precipitation histories within an appar-
ently single crystal
Four or ﬁve idiomorphic blocky-elongate quartz crystals
0.5–5 mm in size were recognized in the quartz vein within
the Kure Me´lange OST (Fig. 4(a)). Shear textures such as
composite planar fabrics were not observed within the vein.
The SEM-CL image showed that the vein has a complex
precipitation-deformation history. An apparent single crys-
tal seen under the optical microscope was revealed in the
SEM-CL image to comprise several subcrystals (Figs. 4(b)
and (e)). We recognized four precipitation stages: CL-black
quartz, CL-light gray quartz, CL-gray quartz, and CL-bright
quartz (Fig. 4(b)). The CL-black and CL-light gray por-
tions are primary euhedral crystals with zoning at the crys-
tal edge that consists of alternating bands of CL-black and
-light gray. The CL-gray behaves as a matrix of the crystals.
CL-black and light gray crystals were injected, fractured,
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Fig. 3. (a) Optical microscope image of a quartz-calcite-ﬁlled
vein within the Minami-Awa Fault. (b) Scanning electron mi-
croscopy-cathodoluminescence (SEM-CL) image of a quartz vein in the
Minami-Awa Fault. SS, sandstone blocks.
ﬂoated, and sealed by the CL-gray quartz at a late stage
(Figs. 4(c) and (d)). The directions of fractures within the
vein are random. These characteristics suggest hydraulic
fracturing resulting from high pore-ﬂuid pressure. The CL-
bright quartz is thought to have ﬁlled open spaces in CL-
black and CL-gray at the latest stage. The distributions of
each sub-crystal are summarized in Fig. 4(e).
4.3 Pressure-temperature variation within veins
Fluid-inclusion data at 11 points within the quartz vein
shown in Fig. 4(b) are presented in Fig. 5(a). Figure 5(b)
shows the cumulative data of measured homogenization
temperatures at all 11 points. The homogenization tempera-
tures of the water-rich inclusions in CL-black and CL-light
gray ranged from 125 to 200◦C (average: 165◦C) and were
lower than the temperatures of those in CL-gray (range:
140–240◦C; average: 181◦C). The homogenization tem-
peratures of the methane-rich inclusions do not show much
of a difference between CL-black and CL-light gray (range:
−102 to −85◦C; average: −90.6◦C) and CL-gray (range:
−102 to −85◦C; average: −91.3◦C). At locations 1, 2, 4,
6, 7, 8, and 11, the pressure and temperature condition (P-
T) of CL-gray was higher (102–142 MPa) than that of CL-
black and CL-light gray (99–115 MPa) (Fig. 5(c)). Only
point 1 shows especially high pressure values of 124–142
MPa; other values crowd around 100–120 MPa. Although
the pressure values of CL-gray decrease and range from 102
to 121 MPa, if we avoid the value of point 1, the pressure
values of CL-gray are slightly higher than those of CL-black
and CL-light gray.
Fig. 4. Complex precipitation history of a quartz vein within the Kure
Me´lange OST. (a) Optical microscope image. (b) SEM-CL image.
(c) High-magniﬁcation SEL-CL image of fractured primary euhedral
CL-black and light gray quartz. (d) High-magniﬁcation SEL-CL image
of ﬂoating structure. (e) Sketch of SEM-CL image.
5. Hydraulic Fracturing along a Major Thrust
Fault
The observed irregular CL-gray pattern of quartz-ﬁlled
veins within the Minami-Awa Fault, identiﬁed as a jigsaw-
puzzle structure, is considered to be strong evidence for
hydraulic fracturing because high pore-ﬂuid pressure is a
requirement for the crystals to ﬂoat freely. The texture,
which indicates that the primary euhedral CL-black and CL-
light gray quartz crystals were injected, fractured, ﬂoated,
and then sealed by the late-stage CL-gray quartz within the
vein in the Kure Me´lange OST (Figs. 4(c) and (d)), also
suggests hydraulic fracturing.
The occurrence of hydraulic fracturing implies that ab-
normal pore-ﬂuid pressure was generated, breaking up both
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Fig. 5. (a) Histograms of homogenization temperatures of each point shown in Fig. 4(b). (b) Cumulative measured homogenization temperatures for
all points. (c) Isochore data showing pressure-temperature conditions at points 1, 2, 4, 6, 7, 8, and 11. Error bars were calculated from mean methane
density and temperature errors.
the original host rock and previously precipitated mineral
veins. Pore pressure values in the CL-black, CL-gray, and
CL-light gray quartz in the Kure Me´lange OST were quan-
titatively estimated by ﬂuid-inclusion analyses, and the val-
ues in the CL-gray quartz were estimated to be a maximum
of 27 MPa higher than those in the CL-black and CL-light
gray quartz. This pressure differential may be direct evi-
dence of high pore-ﬂuid pressure. Unfortunately, the litho-
static pressure during the fracturing is not known, although
it should be lower than the pore pressure in the CL-gray
quartz.
Both the Minami-Awa Fault in the Mugi Me´lange and
the Kure Me´lange OSTs are reported to contain pseudo-
tachylytes and are considered to be seismogenic faults in
and around a plate-subduction boundary (Kitamura et al.,
2005; Mukoyoshi et al., 2006). Although in this study the
obvious relationship between mineral precipitation and hy-
draulic fracturing and seismic faulting with frictional heat-
ing was not resolved, the high pore-ﬂuid pressure may
have functioned as a faulting trigger and, therefore, may
have played an important seismogenic role along a plate-
subduction boundary.
6. Conclusions
Although mineral veins and their P-T condition in the
Shimanto accretionary complex have been well studied
(e.g., Sakaguchi, 1996), we report here the ﬁrst direct evi-
dence of hydraulic fracturing in this complex. Our cathodo-
luminescence analyses revealed that there are complicated
microstructures within the mineral veins in the major thrusts
that cannot be observed under an optical microscope. The
occurrence of abnormal pore-ﬂuid pressure was revealed by
detailed analyses of the ﬂuid inclusions within the veins.
Further systematic study combining cathodoluminescence
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observation with ﬂuid inclusion measurement can con-
tribute to a better understanding of ﬂuid-rock interaction in
and around major thrust faults in accretionary prisms.
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